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摘要 
随着锂离子电池的应用从便携式电子设备领域扩展至电动汽车、混合动力汽
车和通信设备等领域，人们对锂离子电池的性能方面的需求增长很快，尤其是对
容量、倍率性能、成本和循环寿命等。正极材料的性能直接影响着锂离子电池的
容量、工作电压、安全性能和使用寿命等。 
商品化的 LiCoO2材料存在价格昂贵、资源缺乏、热稳定性差以及环境污染
等问题，而逐渐被层状三元材料 LiNixCoyMn(1-x-y)O2所替代。高镍三元正极材料
LiNixCoyMn(1-x-y)O2 (x≥0.5)具有比容量高、倍率性能好和价格低廉等优点，被认
为是最具应用前景的锂离子电池正极材料。但该类材料存在阳离子混排、容量衰
减较快、在高电压下结构不稳定等问题，制约着其商业化应用。目前研究主要集
中在优化合成方法、寻找适当的金属元素配比和掺杂包覆改性等方面。 
本文针对高镍三元 LiNi0.54Co0.23Mn0.23O2正极材料存在的问题，采用多种合
成方法、不同电压测试范围和多种原位联用技术，对材料的结构、形貌、电化学
性能、高电压下结构的转变、电化学阻抗和锂离子扩散系数的变化进行了分析和
讨论。主要结果如下： 
（1） 分别通过溶剂热法、氢氧化物和碳酸盐共沉淀法合成 LNCMO材料。
其中，碳酸盐共沉淀法为最优的合成方法，制备的 C-LNCMO 材料呈纳-微结构
的类球形形貌， α-NaFeO2型层状结构，属于六方晶系，R3�m空间群，具有良好
的电化学性能。 
（2）研究煅烧温度对材料的影响，确定 750 ℃为材料的最佳煅烧温度。在
此煅烧温度下烧结 12 h制备的 LiNi0.54Co0.23Mn0.23O2材料具有均匀的金属元素分
布，良好的层状结构，低的阳离子混排率。在 2.5~4.3 V 电压范围内，
LiNi0.54Co0.23Mn0.23O2材料具有较好的倍率性能、循环性能和良好的结构稳定性。
1 C下的首周放电比容量为 147.4 mAh g-1，库仑效率为 85.3 %，循环 100周后的
容量保持率为 76.6 %。在 2.5~4.6 V高截止电压范围内，LiNi0.54Co0.23Mn0.23O2材
料首周放电比容量比低电压范围时高，但库仑效率低，循环稳定性减弱和电压平
台衰减严重。在 1 C下的首周放电比容量为 172.3 mAh g-1，库仑效率为 80.4 %，
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循环 100周后的容量保持率为 62.1 %，且电压衰减加剧。 
（3）通过恒流充放电与原位 XRD联用技术，研究 LiNi0.54Co0.23Mn0.23O2材
料在 2.5~4.3 V、2.5~4.6 V电压范围内结构的变化。在充电过程中，晶格参数 c
先增大，当电压高于 4.0 V后急剧减小，而晶格参数 a在此过程中一直减小。各
参数在放电过程中的变化趋势与充电过程的基本相反。在 2.5~4.3 V电压范围内，
各晶格参数在首周充放电前后基本相同，说明材料在低电位区间内充放电，结构
的稳定性及可逆性良好。在 2.5~4.6 V高电压范围内，衍射峰在较高电位下出现
大幅偏移，晶格参数 c值急剧减小。各参数在充放电过程中的变化并不是完全可
逆的，经过首周充放电后，材料的部分衍射峰向低角度偏移。充电至 4.6 V时有
尖晶石相（尖晶石 LiNi2O4）的生成。新相的生成和结构参数的大幅变化可能是
导致 LNCMO材料在高电位范围内循环性能差，结构稳定性不佳的原因。 
（ 4）通过恒流充放电与原位 XRD 和 EIS 联用技术，研究
LiNi0.54Co0.23Mn0.23O2材料在 2.5~4.6 V电压范围下结构和阻抗的变化。膜阻抗 Rf
在充放电过程中变化明显，传荷阻抗 Rct在高嵌锂度时数值较大。充电至高电压
范围时，由于过度脱锂和有新相的产生，材料的膜阻抗Rf和传荷阻抗Rct均变大。
首周充放电结束后，两阻抗的值也比初始状态时大。材料在高电压范围内充放电
时，发生的结构的变化会对材料的 SEI膜厚度和 Li+的电荷传递造成一定的阻碍，
从而导致长循环后，材料出现容量衰减。 
（5） 通过 PITT与原位 XRD联用技术，研究 LiNi0.54Co0.23Mn0.23O2材料在
2.5~4.6 V 电压范围下结构和动力学变化。锂层中八面体空位、微观应力、晶格
参数的变化和相结构转变会共同影响材料在充放电过程中锂离子扩散系数的变
化。DLi+在首周充电过程中分别在 3.60 V和 4.50 V时出现两个极小值，在放电
过程中 3.60 V时有极小值，变化范围为 10-9 ~10-10 cm2 s-1。 
 
关键词：锂离子电池；高镍三元正极材料；结构转变；锂离子扩散系数；原位
XRD；原位 EIS 
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Abstract 
  With the application areas of lithium ion battery expanding from portable 
electronic device field to electric vehicles (EV), hybrid electric vehicle (HEV) and 
communication device field, the demands of the performance of lithium-ion batteries 
(LIBs) grows very fast, especially on the capacity, rate capability, cost and cycle life. 
Cathode material which directly determines the capacity, working voltage, safety and 
cycle life of LIBs is one of the key factors limiting the development of LIBs. 
  The commercial cathode material LiCoO2 (LCO) which suffers from environmental 
harmfulness, poor thermal stability and high cost is gradually being replaced by 
layered LiNixCoyMn(1-x-y)O2 mateial. Ni-rich layered materials (LiNixCoyMn(1-x-y)O2 
(x≥0.5)) which are regarded as the most promising cathode material for the next 
generation LIBs have a lot of advantages of high specific capacity, good rate 
capability and relatively low toxicity due to the high content of Ni. However, it exist 
some problems of cation mixing, poor cycle performance and structural instability at 
high voltage strongly limiting their commercialization. Currently, many works mainly 
focus on optimizing synthesis method, exploring suitable mental ions ratio, doping 
and surface coating. 
  Herein, our researches were carried out in order to improve the electrochemical 
performance of LiNi0.54Co0.23Mn0.23O2 material as well as to research its structural 
transformation and kinetics at high voltage. Several synthesis methods, different 
voltage range and various coupled in-situ measurement were performed during the 
study. The detailed research results are as follows: 
(1) We have prepared three different LNCMO materials through solvothermal, 
hydroxide co-precipitation and carbonate co-precipitation method, respectively. 
Among them, carbonate co-precipitation method is the best synthesis route. The 
as-prepared spherical-like C-LNCMO material has a well-defined hexagonal 
α-NaFeO2 structure of R3�m space group with no impurity and can deliver good 
III 
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electrochemical performance. 
(2) The calcination temperature for C-LNCMO material synthesis process was 
studied and optimized. The results illustrate that the suitable calcining temperature is 
750 °C. The LiNi0.54Co0.23Mn0.23O2 material obtained at 750 °C for 12 h has 
homogeneous distribution of metal elements, well-layered structure and relatively low 
cation mixing. The LiNi0.54Co0.23Mn0.23O2 material can present superior rate capacity, 
cycling performance and structural stability under the voltage range of 2.5~4.3 V. At a 
rate of 1 C (1C=160 mA g-1), the initial discharge capacity is 147.4 mAh g-1 with a 
coulombic efficiency of 85.3 % and the capacity retention is 76.6 % after 100 cycles. 
When the material is tested under relatively higher cut-off voltage range (2.5~4.6 V), 
the initial discharge capacity of the material increases but the coubombic efficiency, 
cycle stability and voltage platform are decayed. The initial discharge capacity at 1 C 
is 172.3 mAh g-1 with a coulombic efficiency of 80.4 % and after 100 cycles the 
capacity retention only 62.1 %. 
(3) The structural transformations of LiNi0.54Co0.23Mn0.23O2 material during the first 
electrochemical cycle in voltage range of 2.5~4.3 V and 2.5~4.6 V are obtained by the 
combined technique of constant current charge-discharge and in-situ XRD, 
reseprctively. The lattice-parameter c increases at low voltage range (below 4.00 V) 
and drastically reduces at higher voltage range in the charge process, while the 
lattice-parameter a remains decreasing almost throughout the whole charge process. 
The variation tendencies of lattice-parameter c and a in the discharge process are 
nearly inverse compared with that in the charge process. After the initial cycle in the 
voltage range 2.5~4.3 V, the lattice-parameters are nearly the same compared with the 
OCV state. The results demonstrate that the material has a good structure stability and 
reversibility in low voltage region. When the cut-off voltage is rose to 4.6 V, the 
diffraction peak shift rapidly and the lattice-parameter c decrease rapidly. The position 
of each diffraction peak and the value of lattice-parameter have a slight change 
compared with the OCV state, indicating that the partial irreversible structural change 
arises. Moreover, the cubic phase (spinel LiNi2O4) is surely formed at 4.60 V through 
XRD and HR –TEM characterization. The rapid change of lattice-parameter and the 
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formation of spinel phase may be the main factor of the capacity and structure 
stability decaying in high voltage range. 
(4) The structural transformation and electrochemical impedance change of 
LiNi0.54Co0.23Mn0.23O2 material during the first electrochemical cycle in voltage range 
of 2.5~4.6 V are obtained by the combined technique of constant current 
charge-discharge and in-situ XRD、EIS. Membrane impedance Rf changes obviously 
in the charge/discharge processes. The charge transfer impedance Rct is relatively 
large when the Li+ layer is close to the full state. When the cell is charging to high 
voltage region, the Rf and Rct of the electrode are grew larger because of massive Li+ 
extracted from the Li+ layers and the formation of new phase. After the initial cycle, 
the values of Rf and Rct are larger than that of OCV state. The structure change of the 
material cycled at high voltage can affect the thickness of SEI film and inhibit the 
charge transfer process which causes capacity degradation after long cycles. 
(5) A continuous tightly-locked testing technique coupled with combination of 
PITT and in-situ XRD is deployed to simultaneously capture the structural changes 
and lithium ion diffusion coefficient of LiNi0.54Co0.23Mn0.23O2 material during the 
initial cycle. The changes of octahedral vacancies in the Li+ layers, microstress, 
lattice-parameter and the transformation of phase structure of the 
LiNi0.54Co0.23Mn0.23O2 material in the charge/discharge processes can jointly affect the 
diffusion of lithium ions. It appears that the change process of lithium ion diffusion 
coefficient have two minimum values at 3.60 V and 4.50 V in the charge process and 
one minimum value at 3.60 V in the discharge process within the value of 10-9 ~10-10 
cm2 s-1. 
 
Key words：Lithium ion batteries; Ni-rich layered cathode material; structure 
transformation; lithium ion diffusion coefficient; in-situ XRD; in-situ EIS  
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